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Cold storage refrigeration systems possess the characteristics of multiple input and output and strong coupling, which brings
challenges to the optimize control. To reduce the adverse effects of the coupling and improve the overall control performance
of cold storage refrigeration systems, a control strategy with dynamic coupling compensation was studied. First, dynamic model of
a cold storage refrigeration system was established based on the requirements of the control system. At the same time, the coupling
between the components was studied. Second, to reduce the adverse effects of the coupling, a fuzzy controller with dynamic coupling
compensation was designed. As for the fuzzy controller, a self-tuning fuzzy controller was served as the primary controller, and an
adaptive neural network was adopted to compensate the dynamic coupling. Finally, the proposed control strategy was employed
to the cold storage refrigeration system, and simulations were carried out in the condition of start-up, variable load, and variable
degree of superheat, respectively. The simulation results verify the effectiveness of the fuzzy control method with dynamic coupling

compensation.

1. Introduction

Automatic control of cold storage refrigeration system is an
important means to save energy and improve the quality of
refrigeration [1, 2]. The automatic control can guarantee the
stability of the storehouse temperature, avoid the unnecessary
low temperature, and keep the temperature, pressure, liquid
level, and other state parameters, which ensure the safety
and efficiency of the system, in the required range. However,
cold storage refrigeration systems possess the characteristics
of multi-input and multi-output and strong coupling, which
brings challenges to the dynamic modeling and the controller
design [3, 4].

In the traditional control process of cold storage refriger-
ation system, the compressor, condenser, evaporator, expan-
sion valve, and other main components are controlled sep-
arately [5]. Although those methods realize the automatic
control of cold storage refrigeration system, it is difficult to
achieve higher precision adjustment requirements because of
ignoring the coupling. On the other hand, it is difficult to
apply to the system with large change of loads and working

conditions [6]. With the improvement of the refrigeration
effect requirements of cold storage, researchers have being
considered the refrigeration system as a whole and studied
the combined control methods for the main components
(compressor, condenser, evaporator, and expansion valve)
[7]. Theoretically, the combined control methods have better
control effect. However, the nonlinear characteristics of the
cold storage refrigeration system lead to the difficulty of
dynamic modeling, the time-varying characteristics lead to
the difficulty of control parameter online adjusting, and the
coupling characteristics increase the complexity of the con-
troller design [3]. Due to the difficulty of dynamic modeling,
researchers employed control methods that do not need the
accurate model of the system to get a better solution [8, 9],
such as fuzzy control and neural network control. Based
on the coupling characteristics of cold storage refrigeration
systems, scholars proposed decoupling controllers, but it is
hard to achieve the desired control effect due to the strong
coupling.

Studies on control strategy with dynamic coupling
compensation of cold storage refrigeration system were
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TaBLE 1: The input and output variables and the state variables of the dynamic model.
Symbol Name
Input variables fy (Hz) Frequency of the compressor
Ag Opening of the electronic expansion valve
Output variables T, (QC) Temperature of the storage room
T,, CC) Outlet superheat of the evaporator
h; Outlet enthalpy of the condenser
h, (J/kg) Outlet ratio of enthalpy of the evaporator
State variables T, (C) Temperature of the storage room
T, (°C) Temperature of the tube wall of the condenser
T, (°C) Temperature of the tube wall of the evaporator

conducted. First, the dynamic model of cold storage refrig-
eration system was established, and the coupling was studied.
Second, a fuzzy controller with dynamic coupling compen-
sation was designed. The control strategy consists of a fuzzy
controller, which served as the primary controller, and an
adaptive neural network, which was adopted to compensate
the dynamic coupling. Finally, the control strategy was
applied to the control of a cold storage refrigeration system.

2. Dynamic Coupling of Cold Storage
Refrigeration System

The working process of refrigeration systems is a nonlinear
and strong coupling dynamic process with fusion heat trans-
fer and mass transfer flow. The dynamic model is the basis of
the simulation and the control system design. In this paper,
with the consideration of the requirements of refrigeration
control system, a nonlinear dynamic model is established.
Models of the main components such as frequency conver-
sion compressor, electronic expansion valve, condenser, and
evaporator are established under the premise of idealized
assumptions [10]. Assume that the fan speed of the condenser
and the evaporator are constant and the control process
can be realized by controlling the frequency of the inverter
compressor and the opening of the electronic expansion
valve. In addition, the temperature of the cold storage room
is one of the most important controlled parameters, and the
control of the evaporator outlet superheat is an important
way to improve the stability and efficiency of the refrigeration
system.

In the overall dynamic model, the input and output
variables and the state variables are listed in Table 1.

Based on the energy equation of refrigerant in the
condenser [11], the heat transfer energy equation of the
condenser tube wall [12], the energy equation of refrigerant
in the evaporator [11], the heat energy equation of the
evaporator tube wall [11], and the dynamic model of the
storage room [10], the dynamic model of the cold storage
refrigeration system can be established. Ordering that x =
lhy, Ty, hy, T, T,i]T andu = [fy, AE]T, the dynamic model of
the form of state space equation can be expressed as follows:

x=f(x)+g(x)u,

oy
y=h(x),
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The included variables are listed in Table 2.

In the refrigeration system, inverter compressors, elec-
tronic expansion valve, evaporator, and condenser and other
components are not independent; the coupling can be
described as in Figure 1. The two components of con-
denser and evaporator are connected with the indoor and
external environment. The outdoor ambient temperature
T,, influences the performance of the condenser, while the
temperature of the storage room T,; and the refrigeration
system are mutually restricted. The coupling between the
expansion valve and the environment is indirectly connected
through the condenser and the evaporator.
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TABLE 2: Variables and parameters in (2).

Symbol Name

o Inner heat transfer coefficient of the condenser tube
my, (kg) Weight of refrigerant in the condensing tube

o, Air side heat transfer coefficient of the condenser tube
C, (J/(kg"C)) Heat capacity of unit length of the condensing tube wall
T,, °C) Temperature of the outdoor ambient

o, Inner heat transfer coefficient of the evaporator tube
m, (kg) Weight of the refrigerant in the evaporator tube

T,, (mm?*) Evaporation temperature of the refrigerant

A, (mm?) Heat transfer area of air side the evaporator tube

L, (mm) Length of the evaporator pipe

A, (mm?) Heat transfer area of the wall in the storage room

pr (kg/mm?) Density of the air

V, (mm?) Area of the storage room

Q, Heat load of the objects in the storage room

V. Ratio of gaseous refrigerant in suction of the compressor
p Magnetic pole logarithm of the motor

p, (Pa) Outlet pressure of the electronic expansion valve

Cg Flow coeflicient of the electronic expansion valve
A, (mm?) Heat transfer area of the inner condenser tube

T, (°C) Condensation temperature of the refrigerant

Ay, (mm?) Heat transfer area of the air side condenser tube

L, (mm) Length of the condensing pipe

T, (°C) Temperature of the condensation tube wall

A, (mm?) Heat transfer area of the evaporator tube

T,z (mm?) Temperature of the evaporator tube wall

Ay, Air side heat transfer coeflicient of the evaporator tube
C, (J/(kg'C)) Heat capacity of unit length of the evaporator tube wall
«a, Comprehensive heat transfer coefficient of the wall in the storage room
C, (J/(kg"C)) Heat capacity of the objects in the storage room

Cy Constant pressure specific heat of the air

a, Comprehensive heat transfer coefficient of the evaporator
v, Swept volume of the compressor

s (r/s) Speed difference of the motor

p; (Pa) Inlet pressure of the electronic expansion valve

kg Multidegree index

pg (kg/mm’)

Density of inlet refrigerant of the electronic expansion valve

3. Fuzzy Control with Dynamic
Coupling Compensation

Due to the complexity of the transfer process of quality and
the energy, it is difficult to establish a precise mathematical
model of refrigeration system. Furthermore, cold storage
refrigeration system is a typical MIMO, strong coupling,
time-varying, and nonlinear complex system; it is difficult
to achieve the desired control effect through a SISO control
method. Fuzzy control and neural network control are not
dependent on the precise mathematical model of a control
object, which are effective methods to deal with the uncer-
tainty, nonlinearity, and strong coupling in a control system
[13]. In this paper, a multivariable fuzzy neural network
controller with dynamic coupling compensation is proposed.

The controller, which takes the advantages of fuzzy control
and neural network control, is designed from the whole
refrigeration system. The schematic diagram of the controller
is shown in Figure 2.

As can be seen from Figure 2, the proposed controller
is composed of a self-tuning fuzzy controller and an adap-
tive neural network coupling compensation controller. In
the controller, the self-tuning fuzzy control determines the
dynamic characteristics of the system, while the adaptive
neural network control estimates the coupling of the multi-
variable.

The output deviation e is transformed to the formal con-
trol variables fy, and Ay by the self-tuning fuzzy controller.
The formal control variables are the inputs of the adap-
tive neural network coupling compensation controller. The
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FIGURE 2: Fuzzy neural network controller with dynamic coupling compensation.

coupling effects are compensated as measurable disturbance.
Through the dynamic coupling characteristic estimation and
the neural network weights correction, the control object
becomes a system with less coupling degree, and the output
of the adaptive neural network coupling compensation con-
troller is the input of the controlled object.

3.1 Self-Tuning Fuzzy Control. The intelligent weight func-
tion fuzzy algorithm is adopted to realize the self-tuning of
the control rules. By using this method, it is not necessary
to determine the membership function and fuzzy control
rules of the fuzzy variables, and the interaction between other
variables is not considered in the designed fuzzy controller. In
a single loop of the self-tuning fuzzy controller, the selection
of the fuzzy membership function is omitted, and the fuzzy
quantity of the sampled discrete values e(k) and Ae(k) is
multiplied by the quantization factors, shown as follows [14]:

E = Kge (k),

3)
Ec = Kcde (K),

where Kj; and K, are the quantitative gains of the error and
the error variation, respectively.

To ensure that the outputs of the weight function are
meaningful when E and E are zero at the same time, the

weighted factors of the error and the error variation are
determined as follows:

E
K= ——m—,
FIEI+[Ec|+ 6
E (4)
K-=— ¢
¢ |E| + |Ec| + 6

where & is a small positive number.
The rule of fuzzy control of intelligent weight function is

The output of the self-tuning fuzzy controller can be
expressed as follows:

uy; (k) = KyAU + K ) AU, (6)

where K, is the proportional gain and K is the integral gain.

3.2. Adaptive Neural Network Coupling Compensation Con-
trol. Based on the output of the self-tuning fuzzy controller
(there are two output variables), ordering that the weighted
coefficients of the neural networks are w; (i=12j=12)
and the output of the coupling compensation controller is
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FIGURE 3: Response curves after the system start-up.

u, = [uy,uy], and the following relationship can be estab-
lished [14]:

2
Uyj (k) = Zl:wij (k) ug; (J = 1’2)- 7)

The neural network and the controlled object are
regarded as a whole, and the minimum value of the quadratic
sum of the difference between the expected output and the
actual one is used as the evaluation function of the system,
shown as follows:

2
E(k) = %Z -y ®F (=12,  @®
i=1

where r;(k) is the desired value and y;(k) is the actual value.

In (8), the value of E(k) can be minimized by online
adjustment and self-learning of w;;(k). In the paper, the online
adjustment method of E(k) is referred to as the method in
[15]. The self-learning of w;;(k) is completed by adopting the
Gradient descent method, and the iteration value at time k+1
can be expressed as follows:

OE (k)
N 1) = w; (k) — ,
wl] (k + ) wl] (k) rlawlj (k) (9)
where 7 is the learning rate.
Therefore,

E(k) _ 3 9% (k)
k . Uiy 10
g~ OB 5 TG e 00

where ayl(k)/au i(k) is the rate of the affection of the jth
inputu,;(k) on the controlled object in relation to the output.
ayl(k)/g j(k) can represent the dynamic coupling of the

jth input to the ith output, and it can be calculated by the

following equation:
o, (0 _
aqu (k)

yi(k+1) -
uqi (k) -

i (k)
uqi (k - 1)

(11)

4. Numerical Simulation

To verify the effectiveness of the proposed control method
for cold storage refrigeration system, numerical simulations
were carried out. A small cold storage refrigeration system,
which consists of R22 refrigerant, single-stage steam piston
type compression refrigerator, electronic expansion valve,
air-cooled evaporator, and air-cooled condenser, is taken
as an example. In the study, k; = 1.18, the sizes of the
cold storage room are L x W x H: 4500 mm x 3600 mm
x 2700 mm. During the process of simulation, the initial
temperature of the storage room and the outdoor is 25°C
and 30°C, respectively, and the desired temperature of the
storage room and the degree of superheat are —-10°C and 5°C,
respectively. After the system start-up, the response curves
of the temperature of the storage room and the degree of
superheat are obtained, as shown in Figure 3.

As can be observed from Figure 3, although the temper-
ature of the storage room and the degree of superheat can
reach the predetermined steady-state values with or without
the dynamic coupling compensated, there are no overshoot
and fluctuation if the dynamic coupling is compensated. In
another case, the temperature of the storage room is dropped
from —10°C to —15°C, while the degree of superheat is still 5°C,
and the response curves are shown in Figure 4.

As can be observed from Figure 4, the curve of the
temperature of the storage room is smooth without overshoot
after the coupling compensated. Because of the rapid increase
of the cooling load, the speed of the variable frequency
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FIGURE 4: Response curves when the load changed.
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FIGURE 5: Response curves when the degree of superheat changed.

compressor causes the expansion valve to be open too late to
adjust, which leads to a certain fluctuation of the superheat.
The comparison of the two results in Figure 4(b) shows that
the proposed controller has a better tracking performance. In
another case, the degree of superheat is dropped from 5°C to
2°C while the temperature of the storage room is still -10°C,
and the response curves are shown in Figure 5.

As can be observed from Figure 5, when the degree
of superheat changed, the change of the expansion valve
causes the fluctuation of the temperature of the storage room,
and the changing process is smoother if the coupling is
compensated. Overshoot appears in the adjustment process

of the degree of superheat, but the fluctuation is small and
the control effect is satisfied.

5. Conclusions

In the paper, studies on control strategy with dynamic
coupling compensation of cold storage refrigeration system
were conducted. First, the dynamic model of cold storage
refrigeration system was established, and the coupling was
studied. Second, a fuzzy controller with dynamic coupling
compensation was designed, the self-tuning fuzzy controller
was the primary controller, and the adaptive neural network



Journal of Control Science and Engineering

was used to compensate the dynamic coupling. Finally, the
designed control strategy was applied to the control of a cold
storage refrigeration system, and simulations were carried out
in the condition of start-up, variable load, and variable degree
of superheat, respectively.

As can be observed from the results of the simulation,
in the condition of start-up, there are no overshoot and
fluctuation if the dynamic coupling is compensated. In the
condition of the variable load and the variable degree of
superheat, the curve of the temperature of the storage room
is smooth without overshoot after the coupling compensated,
and the comparison of the results shows that the proposed
controller has a better tracking performance. The simulation
results indicate that the fuzzy controller with dynamic cou-
pling compensation has good control performance and can
be used in the control process of cold storage refrigeration
system.
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